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cardiovascular diseases and pathophysiological conditions (8, 23) . In many cardiovascular diseases, sympathetic control impairment is a factor either in the development or in the progression of the pathological process (15, 47) . While there are various approaches to measuring sympathetic function, the invasiveness of certain techniques, their inability to provide continuous monitoring, or their inaccurate assessment of sympathetic dynamics renders their widespread use impractical (23) . In cardiovascular autonomic neuropathy, for example, sympathetic denervation is a marker of the progress of the disease from early to severe stages (16, 36) , and the gold standard procedure for sympathetic assessment, the cardiovascular autonomic reflex tests (49a) , is found to be insensitive (50%) for this task (52) .
A widely used noninvasive means to assess the dynamics of the autonomic nervous system is to compute the power spectral density of heart rate variability (HRV) (54a) . The high-frequency components of HRV are known to be solely influenced by the parasympathetic system. In contrast, the low-frequency (0.045-0.15 Hz) components of HRV (HRVLF or HRVLFn when normalized to total power of HRV) are influenced by both the sympathetic and parasympathetic nervous systems. Despite the limitation of also being influenced by parasympathetic activity, HRVLF has been used to assess sympathetic tone (54a) .
Electrodermal activity (EDA) is being increasingly used as a surrogate measure of the sympathetic activities (18) , as sudomotor activity is known to be solely controlled by the sympathetic nervous system (26, 30, 50) . Traditionally, analysis of EDA has been in the time-domain (3), using skin conductance level (SCL) and nonspecific skin conductance responses (NS.SCRs). However, several studies have reported high variability with these time-domain indices (10, 43) . Timeinvariant frequency-domain analysis of electrodermal activity has recently been reported as a tool for sympathetic tone assessment, and it was termed EDASympn (43) . The usefulness of EDASympn was demonstrated, with lower variability compared with time-domain measures of EDA, but the technique exhibited only acceptable consistency, with lower sensitivity for orthostatic (stand test) and cognitive stress compared with SCL and NS.SCRs.
Given that the sympathetic tone is time varying, especially when experiments are specifically designed to invoke its dynamics, we hypothesized that time-varying analysis of EDA may provide more sensitive results than the time-invariant frequency-domain analysis (42) and time-domain indices consisting of SCL and NS.SCRs. To this end, we performed time-frequency analysis of EDA signals to examine whether we can obtain an even more sensitive and reliable index of sympathetic tone. Specifically, variable frequency complex demodulation (VFCDM), a time-frequency spectral (TFS) analysis technique that provides accurate amplitude estimates and one of the highest time-frequency resolutions (7) was employed in this study to develop an index of sympathetic tone. The time-varying EDA index of sympathetic control (TVSymp) was computed by using the mean spectral amplitudes in the frequency band associated with sympathetic tone of the EDA.
To test our hypothesis, we have computed TVSymp and a full set of EDA (SCL, NS.SCRs, and EDASympn) and HRV (HRVLF and HRVLFn) indices of sympathetic control for subjects undergoing four tests known to elicit sympathetic tone arousal: cold pressor test, 70°head-up tilt (HUT) test, stand test, and the Stroop task. Sensitivity, consistency, and variability of TVSymp were computed and compared against the time-domain and time-invariant spectral indices.
MATERIALS AND METHODS

Protocol
Participants were asked to avoid caffeine and alcohol and to not exercise during the 24 h preceding the test and were instructed to fast for at least 3 h before testing. Prospective subjects using psychoactive drugs, nicotine, or other recreational drugs, and taking any medicine were asked to exclude themselves from the study. The experiments were carried out in a quiet, dimly lit room (ambient temperature, 26 -27°C). The study protocol was approved by the Institutional Review Board of the University of Connecticut, and all volunteers provided written informed consent to participate in the experiment. ECG and EDA signals were simultaneously recorded throughout all of the tests (Hewlett-Packard HP 78354A and ADINSTRUMENTS GSR module, respectively). After preparing the skin with alcohol, ECG electrodes were placed to acquire Lead I, and EDA electrodes were placed on the index and middle finger for all subjects. Signals were digitized using a PowerLab system at 1 kHz, with 12-bit resolution.
Twelve healthy volunteers (10 males, 2 females) of ages ranging from 19 to 36 yr old (26.2 Ϯ 6.1; mean Ϯ SD), weight 64.6 Ϯ 7 kg, and height 171.5 Ϯ 9.6 cm, were enrolled in this study. No genderrelated differences have been reported for EDA or sympathetic function. To induce a wide variety of sympathetic arousal types, subjects underwent four tests, in the following order: cold pressor (physical stress), 70°HUT, stand test (orthostatic stress), and the Stroop task (cognitive stress). The order of tests was the same for all of the subjects.
Before each test, subjects remained in the supine position for at least 5 min to ensure hemodynamic stabilization (end-point criteria was when the subject achieved a baseline level of heart rates). After the stabilization period, 5 min of resting baseline data were recorded with subjects in the supine position before each test. For the cold pressor test, subjects were asked to immerse their left hand to the wrist level into a 0 -1°C water bath for a period of 3 min. For HUT, subjects were tilted from 0 to 70°and remained tilted for 5 min. The stand test consisted of a 5-min standing period in which subjects were asked not to move and not to actively contract their leg muscles. For the Stroop task, subjects were asked to say a word that named a color. They were shown congruent (the word was written in the color it expressed) and incongruent (the word and the color it was printed in were different) combinations to induce cognitive stress (53) . The words and colors were "blue," "yellow," "green," "red," "purple," and "black". The background also changed to be randomly congruently or incongruently colored with the word. A computerized version of the original Stroop task was designed. The Stroop task was 5 min total, with the first minute used for training.
Signal Processing
TFS of EDA signals were used to quantify the elicited changes of the sympathetic nervous system due to the cold pressor test, HUT, stand test, and the Stroop task. Prior to time-frequency analysis, EDA signals were down-sampled to 2 Hz and high-pass filtered (0.01 Hz) to remove any trends. The VFCDM technique has been described in detail previously (7, 59 ) and has been tested with different physiological signals (51, 59, 65) ; hence, the technique will be only briefly summarized.
Variable frequency complex demodulation algorithm. The first step is to use complex demodulation (CDM) to obtain an estimate of the TFS. In CDM, a bank of low-pass filters (LPFs) is used to decompose the signal into a suite of band-limited signals. The analytic signals that are obtained from these, through the use of the Hilbert transform, then provide estimates of instantaneous amplitude, frequency, and phase within each frequency band. Consider a sinusoidal signal x(t) to be a narrow-band oscillation with a center frequency f0, instantaneous amplitude A(t), phase ⌽(t), and the direct current component dc(t) defined as
For a given center frequency (or carrier), we can extract the instantaneous amplitude information A(t) and phase information ⌽(t) by multiplying x(t) by e j2f 0 t , which results in the following:
A leftward shift by e j2f 0 t moves the center frequency f0 to zero frequency in the spectrum of z(t). If z(t) is subjected to an ideal LPF with a cutoff frequency f C Ͻ f0, then the filtered signal z1P(t) will contain only the component of interest, and we obtain
Consider a case when a modulating frequency is not fixed as described before but varies as a function of time. In this case, the signal x(t) can be written in the following form: (7) From Eq. 7, when z(t) is filtered with an ideal LPF with a cutoff frequency f C Ͻ f0, then the filtered signal z1P(t) will be obtained with the same instantaneous amplitude A(t) and phase ⌽(t), as provided in Eqs. 4 and 5. The instantaneous frequency, as reported previously (41) , is given by
For this study, x(t) corresponds to the EDA signal. The instantaneous frequency and amplitude of d i can be calculated using the Hilbert transform (29) . The entire time-frequency spectrum can be obtained by the calculation of the Hilbert transform of the equation above for all time points for the obtained low-pass-filtered frequency components. Therefore, by the combination of the CDM and the Hilbert transform, a high time-frequency (TF) resolution spectrum and accurate amplitude information can be obtained.
The procedure for the implementation of the CDM-based TFS is summarized next.
1. Design a finite-impulse response (FIR) LPF with the bandwidth and the length of the filter set to F and N, respectively. Set center frequencies as
where the bandwidth between neighboring center frequencies is 2F, and f max represents the highest signal frequency.
2. Use the CDM to extract the dominant frequency within the confined bandwidth and repeat it over the entire frequency band (by incrementing f 0i).
3. Decompose the signal into sinusoidal modulations via the CDM. 4. Calculate the instantaneous frequencies using Eq. 8 based on the phase (Eq. 5) and the instantaneous amplitudes (Eq. 4) of each sinusoidal modulation component using the Hilbert transform.
5. Obtain the TF representation of the signal using the estimated instantaneous frequencies and amplitudes.
Determining the relevant components for the sympathetic responses. Once the TFS is obtained via the VFCDM method as described above (e.g., Fig. 1 ), the resulting time-varying spectral amplitudes at each frequency interval are analyzed to examine whether they evolve in time in response to sympathetic stimulation. These spectral amplitudes are not rigid bands of frequency. Instead, they represent the evolution over time of a spectral amplitude that changes within a range of frequencies (see Fig. 2 ). These frequencies depend on the sampling frequency (fs) and given that fs ϭ 2 Hz was selected, the spectral frequencies are centered on 0.04, 0.12, 0.2, 0.28, 0.36, 0.44, 0.52, 0.6, 0.68, 0.76, 0.84, and 0.92 Hz. Finer spectral resolution was explored. Because we were only interested in the sum of time-varying spectral amplitudes in the frequency range that may correspond to the sympathetic dynamics (e.g., 0.045-0.25 Hz), finer frequency resolution was not found informative.
The power contained in each frequency resolution band was computed for all subjects to determine sympathetic tone-relevant dynamics. Those powers that did not change from baseline to stimuli stage were considered insensitive to sympathetic control and subsequently considered irrelevant. The time-varying spectral powers with a low value (comprising less than 5% of the total spectral power) were also considered irrelevant. It was recently shown that ϳ5% of timeinvariant spectral content of HRV is also enclosed in frequencies above HF (Ͼ0.4 Hz) (43) . In the same study, the frequency bound of EDA associated with the sympathetic activity was largely confined to 0.045 to 0.25 Hz, with about 5% of the power in the frequencies beyond 0.25 Hz (42) .
Computing the index of sympathetic control. Time-varying spectral amplitudes in the frequency bands that are considered to be responsive to sympathetic stimuli are summed together to obtain an estimated reconstructed EDA signal [X=(t)], which is then normalized to unit variance (divided by its standard deviation), and its instantaneous amplitude is computed using the Hilbert transform (29) , as follows
where P indicates the Cauchy principal value. X=(t) and Y=(t) form the complex conjugate pair, so we can define an analytic signal, Z(t), as Z͑t͒ ϭ XЈ ͑t͒ ϩ iYЈ ͑t͒ ϭ a͑t͒e j͑t͒ (11) in which The resulting a(t) is considered the instantaneous amplitude of Z(t) (see Fig. 3 ). The mean amplitude of a(t), termed TVSymp, was computed for the four tests for all subjects. This value constitutes our intended index of sympathetic tone. Notice that TVSymp is a dimensionless quantity, as it was normalized to the standard deviation.
EDA indices. To extract the conductance level of EDA, a 10th-order low-pass FIR filter with a cut-off frequency of 0.0004 Hz was applied. The raw signal minus the conductance level was used to compute the NS.SCRs. The SCL index was computed using the mean of the conductance level over the 2-min period. NS.SCRs were obtained by visual inspection over the 2-min period, and averaged per minute. A threshold value of 0.05 S was used to determine relevant SCRs (3). In addition, when a second response occurred before completion of the prior response, the two responses were counted as two NS.SCRs, even though they were overlapped.
The time-invariant frequency domain index of EDA, EDASympn, was also computed. Power spectral density analysis of EDA signals was performed on the same 2-min segments used to compute SCL and NS.SCRs. For this process, EDA signals were down-sampled to 2 Hz. Before down-sampling, the data were filtered with an 8th-order Chebyshev Type I low-pass filter (0.8 Hz). Down-sampling from 400 Hz to 2 Hz was performed in two steps (using consecutive downsampling factors of 1/20 and 1/10, respectively). Finally, signals were high-pass filtered (0.01 Hz, Butterworth, 8th order) to remove any trend. The power spectra of EDA signals were calculated using Welch's periodogram method with 50% data overlap. A Blackman window (length of 128 points) was applied to each segment, the fast Fourier transform was calculated for each windowed segment, and the power spectra of the segments were averaged. EDASympn was computed as the normalized power within the frequency band of interest (0.045 to 0.25 Hz) (43) .
HRV analysis. For HRV analysis, ECG signals were band-pass filtered (0.05-40 Hz) to reduce noise and motion artifacts. The R-waveform peaks were detected using a widely used peak detection algorithm (57) , and HRV series (from RR segments) were computed. The power spectra of HRV were calculated using Welch's periodogram method with 50% data overlap. The R-R interval series were converted to an evenly time-sampled signal (4 Hz) by cubic spline interpolation. A Blackman window (length of 256 points) was applied to each segment, and the fast Fourier transform was calculated for each windowed segment. Finally, the power spectra of the segments were averaged. 
Statistics. Six indices of sympathetic control were computed, including one time-frequency domain index, TVSymp, two time-domain indices, SCL (S), and NS.SCRs (no./min), and three frequency-domain indices, EDASympn (normalized units, n.u.), HRVLF (ms 2 ), and HRVLFn (n.u.). All of the statistical analysis was performed using MATLAB. The paired t-test was applied to test the null hypothesis that elicited responses to the cold pressor test, HUT testing, the stand test, and the Stroop task, as measured by each of the above-defined indices, are equal to the baseline values. A P value Ͻ0.05 was set to define statistical significance. These results are useful to evaluate the suitability of the indices to quantitatively assess sympathetic function in healthy subjects.
Measures from detection theory analysis were employed to assess sensitivity of the indices, including the ROC curve (39), Youden's index (J ϭ Sensitivity ϩ Specificity Ϫ 1, to assess the performance of the detector) (62), the area under the ROC curve [area under the curve (AUC), the probability that the index will assign to a positive instance a higher value than to a negative one] (25), and the maximum accuracy of the detector. The coefficient of variation (CV) (i.e., the standard deviation between all of the measurements divided by the mean) and the intraclass correlation (38) were computed for all of the indices to assess intersubject variability and degree of consistency of each index, respectively. Figure 2 illustrates how the time-varying spectral powers are distributed in the frequency domain. Notice how as frequency increases, the power decreases (note that y-axes are not equal). Table 1 shows the percentage of spectral power contained in three bands of frequencies throughout the subjects. The timevarying spectral amplitudes in the first band comprise most of the spectral content of the signal (Ͼ60%) for any test. The percentage of spectral power at the very low frequencies (Ͻ0.08 Hz) is usually reduced under testing conditions compared with the baseline, because sympathetic dynamics become more pronounced with test stimuli (43) . Time-varying spectral components at frequencies between 0.08 and 0.24 Hz (2nd and 3rd center frequencies) are the ones that bear the most power and increase the most between baseline and tests. Although some of the remaining spectral power increased during testing at Ͼ0.24 Hz, it was less than 5% of the power. For this reason, we have selected the spectral amplitudes in the 0.08 to 0.24 Hz range to compute the sympathetic index. Table 2 shows the overall EDA and HRV response for the cold pressor test, HUT, stand test, and the Stroop task, along with the significance of differences found between baseline and stimuli for each index. All EDA measures (TVSymp, SCL, NS.SCRs, and EDASympn) significantly increased between baseline and test stages. HRVLF only exhibited significant differences during the stand test and the Stroop task. HRVLFn showed differences during HUT and the stand test, but not during cold pressor or the Stroop task. Figure 4 shows 8 min (6 min in the case of cold pressor as this test was shorter) of time evolution (means Ϯ SD) of TVSymp for cold pressor, HUT, stand test, and the Stroop task. For all stimuli, TVSymp reaches a maximum value at ϳ2 min and then gradually decreases with time. However, the Stroop task differs from other stimuli in that the maximum values linger for long time durations and then gradually decrease to baseline values. Note that before each test, subjects remained in the supine position for at least 5 min to ensure hemodynamics stabilization. This can be seen in Table 2 especially for TVSymp, as its baseline values are nearly identical prior to stimuli.
RESULTS
Results for the analysis of sensitivity are shown in Table 3 . TVSymp outperformed all the other indices (highest J) at detecting stress, with the only exception being HRVLFn, which exhibited a higher performance (J ϭ 1 vs. J ϭ 0.83) during the stand test. NS.SCRs and TVSymp exhibited equal J values for the stand test. TVSymp also showed a higher probability to assign a higher value to a positive instance than to a negative one (highest AUC). NS.SCRs and HRVLFn equaled TVSymp on this measure for the Stroop task and postural stimulation (stand test), respectively. Similar behavior was found for the accuracy, where TVSymp surpassed all the other indices, with the only exception being HRVLFn during the stand test (Acc ϭ 1 vs. Acc ϭ 0.92). Figure 5 includes ROC curves for the four tests. Notice how the TVSymp ROC curve is more pronounced toward the left top corner, with the only exception being the stand test curve, where HRVLFn curve is slightly higher.
As for the measures of variation and consistency, Table 4 shows how TVSymp exhibits higher variation during baseline, compared with the four tests. However, such variation is almost always lower than the variation of SCL and NS.SCRs. NS.SCRs were only less variable during the stand test baseline.
That is consistent with studies that report high variability of SCL and NS.SCRs, a concern among researchers (10), impeding the widespread use of these indices for assessing the general state of activation of the sympathetic system. Compared with EDASympn, TVSymp exhibited similar CV, slightly lower for cold pressor and HUT, and higher for the stand test and the Stroop task baselines. HRVLF was one of the more variable indices, ranking third overall after SCL and NS.SCRs. In contrast, HRVLFn was the least variable index overall.
TVSymp was the most consistent index, as its intraclass correlation achieved a very high value of 0.96 with bounds between 0.9 and 0.99 for a level of significance of 0.05. Even though SCL's and NS.SCRs' consistencies were high, in agreement with previously reported values (43) , their consistencies were not as high as those of TVSymp. The least consistent index was the EDASympn. HRVLF and HRVLFn proved to be moderately consistent indices.
DISCUSSION
The time-varying spectral EDA index of sympathetic control, TVSymp, was significantly higher during the cold pressor test, HUT, stand test, and the Stroop task, compared with baseline. TVSymp can be used as a noninvasive measure for assessing sympathetic function, as these induced stressors are known to invoke the sympathetic nervous system's response. Measures of detection theory showed that TVSymp is the most sensitive index of sympathetic arousal overall for the four stimuli experiments in the study, with the exception of the stand test, where HRVLFn was slightly better. Furthermore, TVSymp exhibited lower variability (coefficient of variation) than did time-domain EDA indices (SCL and NS.SCRs), and higher consistency (intra-class correlation coefficient) than any other tested index of sympathetic control. Time-frequency analysis of EDA provides relevant information about sympathetic arousal in different scenarios, as all biological systems are time-variant, increasing the potential for an EDA signal to be used for detecting the onset and level of stress induced by various stimuli. However, more testing is needed to determine the method to be applied to diagnose the onset and progression of diseases that affect the autonomic nervous system.
Traditionally, techniques for sympathetic function assessment have involved hemodynamic measurements (5, 55), ad- Values are % of total power throughout the full set of subjects. Values are expressed as means Ϯ SD. *Significant difference compared to baseline stage (P Ͻ 0.05). TVSymp, time-varying index of sympathetic tone; SCL, skin conductance level; NS.SCRs, nonspecific skin conductance responses; EDASympn, normalized sympathetic component of the EDA; HRVLF, low-frequency components of heart rate variability (HRV); HRVLFn, normalized low-frequency components of HRV; n.u., normalized units. renergic and ganglionic pharmacological blockade (14, 24, 28, 31) , noradrenaline measurement in urine or plasma (15, 27, 32) , microneurography (13, 56) , plasma noradrenaline kinetics (4, 6) , HRV analysis (1, 34, 54a), or imaging techniques (22) . However, hemodynamic measurements and pharmacological blockade are invasive and present limited reproducibility. Noradrenaline measurement provides only a "static" picture of sympathetic function. Microneurography is the only method for directly and continuously recording efferent postganglionic muscle sympathetic nerve activity; however, it is an invasive technique. Imaging techniques, including positron emission tomography and single photon emission computed tomography scanning, have been applied to visualize the sympathetic innervation of human organs with good success, but neuroimaging techniques are costly and require specialized technical support.
HRV analysis has been widely employed because it is a low-cost noninvasive continuous method to evaluate cardiac sympathetic regulation. The low-frequency components of HRV (0.045-0.15 Hz) are commonly used as a marker of sympathetic control, even though such components are known to be influenced by both the sympathetic and para- J is Youden's index, AUC is area under the ROC curve, Acc is accuracy. TVSymp, Time-varying index of sympathetic tone; SCL, skin conductance level; NS.SCRs, nonspecific skin conductance responses; EDASympn, normalized sympathetic component of the EDA; HRVLF, low-frequency components of HRV; HRVLFn, normalized low-frequency components of HRV. sympathetic nervous systems. Such influence reduces the accuracy of the technique. Time-domain analysis of EDA has also been used as a noninvasive marker of sympathetic nervous system regulation. The main advantage of EDA over HRV is that there is no parasympathetic innervation of eccrine sweat glands. However, a drawback to using timedomain measures of EDA is that they are highly variable between subjects (10).
A recent study suggests that sympathetic function influences the EDA spectrum mainly in the range of 0.045 to 0.25 Hz (43) . This is in agreement with what we found, specifically, that the spectral amplitudes with frequencies of 0.08 to 0.24 Hz are the most responsive to sympathetic control, with the improvement in consistency and sensitivity shown by the timefrequency index, the TVSymp. We also performed VFCDM decomposition using sampling frequencies of 1 Hz and 0.8 Hz (not shown), to explore the effect of a higher-frequency resolution on the signal decomposition. This allowed us to compute the percentage of spectral power with higher spectral resolution and calculate the TVSymp index at frequencies between 0.04 and 0.08 Hz, which was part of the frequency-domain index in our previous study (43) . Although this frequency band comprises about 10 to 15% of the total power, it was not as responsive to induced stimuli in this study, and its inclusion in computing the TVSymp resulted in lower sensitivity and performance of the index (assessed by signal detection theory).
Performing time-invariant spectral density calculations on time-variant dynamics has been known to cause spectral distortion in the form of broadening of the spectral density (35); hence, we surmise that this may have caused the difference between the lower bound of the sympathetic dynamics found in this and our previous study (43) . We believe that fs ϭ 2 Hz is the most suitable sampling frequency and that the TVSymp index based on the frequency band 0.08 to 0.24 Hz is the most appropriate for capturing the sympathetic dynamics. The responses of HRV dynamics and EDA to cold stress are also poorly understood; however, this stimulus has been increasingly used in clinical practice to evaluate autonomic function in cardiovascular regulation, because stressful cooling evokes an increase in sympathetic neurotransmissions via activation of cold thermoreceptors and nociceptors (46) . HRVLF and HRVLFn are known to be insensitive detectors of stress induced by cold pressor, as various studies have reported increases (44, 48) , decreases, or insignificant changes (11, 17, 33, 42) . This is in agreement with our results, as HRVLF and HRVLFn exhibited no differences between baseline and the test for this stressor. Other studies found increases in SCL and NS.SCRs in healthy subjects when cold pressor was applied (40, 45) . Despite the high variability (CV) for this test, we also found significant differences in NS.SCRs and SCL indices when comparing cold pressor to baseline. EDASympn index also exhibited sensitivity to this test, as reported previously (43) . The time-frequency analysis index in this study, TVSymp, was able to discriminate between baseline and cold pressor. Indeed, although we observed that cold pressor was the most challenging test for detection, TVSymp performed the best among the various indices (highest J, AUC, and Acc).
HUT testing has been widely used to elicit sympathetic activation, as evidenced by increases in the low-frequency components of HRV, mainly in normalized units (9, 17, 21, 54) . We were in agreement, as we found significant differences only in the normalized index, HRVLFn. EDA data during HUT are scarce, as only one study has tested skin conductance during HUT (37) , showing an increase in the SCL in the tilt-negative group. In addition to the increase in SCL and NS.SCRs, the novel findings for the current study were the EDASympn and TVSymp responses, both of which have never been tested during HUT. EDASympn was able to discriminate between supine baseline and HUT, and TVSymp not only showed differences between baseline and HUT, but was the most sensitive, accurate, and responsive index at detecting when the subjects were under orthostatic stress induced by HUT.
Sympathetic tone normally increases with postural stimulation (e.g., stand test) (16, 60, 61) . However, HRV has been shown to have poor reproducibility during an orthostatic challenge in healthy subjects, and even poorer reproducibility in a clinical population (49) . In the supine position, HRVLF and HRVLFn were shown to have poor relative reliability (i.e., high intersubject variability). In this study, we found significant differences in both HRV indices during the stand test. Indeed, HRVLFn showed the highest performance in distinguishing between supine and standing position. For its part, EDA has not been used often for assessing the stress induced in a stand test (3, 43) . In this study, we found significant differences in SCL and NS.SCRs between supine and standing. EDASympn, the time-invariant frequency-domain index, was also different between body postures, with a much lower variability than SCL and NS.SCRs. The time-frequency domain index, TVSymp, was significantly different between supine and upright positions. Even though the best detector for stand test was the HRVLFn, TVSymp exhibited a similarly good performance.
Low-frequency components of HRV have been shown to increase significantly during the Stroop task (12, 19, 58) . We found that HRVLF, but not HRVLFn, significantly increased between baseline and the Stroop task. Regardless of their high variability during this test, SCL and NS.SCRs indices were significantly higher during the Stroop task compared with baseline. EDASymp also exhibited a significant increase. The performance and sensitivity of the TVSymp index was nearly perfect for the Stroop task. Beyond the significant differences encountered between baseline and the induced cognitive stress, TVSymp detected such stress with the maximum possible accuracy (Acc ϭ 1) and performance (J ϭ 1).
As shown in Table 2 , the greatest change in the EDA indices to induced stimuli occurred for the Stroop task for TVSymp, SCL, and NS.SCR, which are then sequentially followed by stand and head-up tilt tests. For these three indices, the cold pressor stimuli induced the least change in their EDA responses. For HRVLF index, the greatest change was noted for the stand test followed by the Stroop task. While the EDASympn showed significant differences between the baseline and all stimuli, the induced changes in the amplitude of the EDA responses were similar for all tests. For TVSymp, SCL, and NS.SCR indices, the EDA responses are most sensitive to cognitive followed by orthostatic and cold pressor tests. However, further studies are needed to quantify and validate these findings using direct measures of the sympathetic activity.
The SCL index and NS.SCRs are consistent with sympathetic arousal, as they are elevated by administration of dextroamphetamine, caffeine, and threatening instructions (2, 63, 64) . They also have relatively low within-subject variability (correlation of test-retest ranges from 0.50 to 0.70) but high variability between subjects (10) . In this study, we also found SCL to be a sensitive, but very highly variable index. Although NS.SCRs are a consistent and fairly sensitive index, frequencydomain and time-frequency domain (EDASympn and TVSymp) indices do not rely on either manual or automatic SCR detection, which is usually more complex and time consuming. Because of its high sensitivity to four different types of stimuli and relatively low variability, the frequency-domain EDASympn index was recognized as a promising index of sympathetic function under multiple stressors in healthy individuals. However, it lacks consistency between subjects and has an inability to detect postural stimulation (stand test) and cognitive stress, compared with SCL and NS.SCRs. TVSymp uses time-varying dynamics, an inherent characteristic of all biological systems; hence, it was shown to be a highly sensitive index of the sympathetic autonomic nervous system activity.
Conclusion
The TVSymp index is a suitable discriminator of the stress induced by cold pressor, HUT, stand test, and the Stroop task, and it has the potential to be used as a reliable marker of quantitative assessment of sympathetic function. Although HRVLFn was slightly more sensitive to postural stimulation from the stand test, it was not as sensitive to HUT, cold pressor, and the Stroop task compared with TVSymp. Overall, TVSymp was found to be more reliable and sensitive than indices based on low-frequency components of HRV, was highly consistent between subjects, and exhibited a lower variability compared with the time-domain measures of EDA. Finally, the frequency bands of the sympathetic nervous activities in healthy subjects can be defined to be most responsive in the frequencies between 0.08 and 0.24 Hz. More research is needed to determine whether these characteristics extend to patient populations.
Perspectives and Significance
Time-varying analysis of EDA not only overcomes the well-known lack of consistency of traditional time-domain analysis of EDA, it was also shown to be highly sensitive measure of the sympathetic dynamics. Moreover, time-varying analysis of EDA was found to be a more sensitive measure of the sympathetic dynamics than the low-frequency component of the heart rate variability. While this work explored cognitive, physical, and orthostatic stress, the time-varying analysis of EDA along with HRV could be extended to a host of other studies to better characterize and discriminate dynamics of the autonomic nervous system that may be indicative of impending fatigue and stress. An accurate understanding of the autonomic nervous system's dynamics pertaining to the situation at hand can lead to better guidance and interventions to improve human health and performance.
